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Like other organs such as artery, bladder and left ventricle, human intact gallbladders (GB) possess 
viscoelasticity/hysteresis in pressure-volume curves during in vitro or in vivo dynamic experiments 
made by using saline infusion and withdrawal cycle to simulate GB physiological emptying-filling 
cycle in normal and diseased conditions. However, such a viscoelastic property of GBs hasn’t been 
modelled and analysed so far. A nonlinear discrete viscous model and a passive elastic model were 
proposed to identify the elastic, active and viscous pressure responses in the experimental pressure-
volume data of an intact GB under passive and active conditions found in the literature in the paper. It 
turns out that the elastic, viscous and active pressure responses can be separated in less than 2% error 
from the pressure-volume curves. The peak active state in the GB occurs at 30% dimensionless volume. 
The GB stimulated with cholecystokinin (CCK) or treated with indomethacin is subject to almost 
constant stiffness at low dimensionless volume ( ≤ 70%) but quick increasing stiffness at high 
dimensionless volume (>70%) and a larger work-to-energy ratio (0.57-0.61) compared with the normal 
GB in passive state. The models are sensitive to the change in biomechanical property of the GBs 
stimulated or treated with hormonal or pharmacological agents, showing a potential in clinical 
application. These results may contribute fresh content to biomechanics of GBs and be helpful to GB 
disease diagnosis. 
 
Keywords: gallbladder; viscoelasticity; hysteresis loop; pressure-volume curve; passive state; active 
state   
 
Nomenclature  
𝑎1, 𝑎2, 𝑎3 model constants of viscosity in passive state 
𝑏1, 𝑏2, 𝑏3 model constants of viscosity in active state 
𝑐0, 𝑐1, 𝑐2, 𝑐3 model constants of GB pressure-volume curve  
𝐸 elastic energy stored in GB wall during its elastic deformation, N.m 
𝐹 objective function 
𝑖 an experimental point 
𝑘 stiffness of GB pressure-volume curve 
𝑚1 model constant of viscosity in passive state 
𝑚2 model constant of viscosity in active state 
𝑛1, 𝑛2 model constants of GB pressure-volume curve  
𝑁 number of experimental points 
𝑝 pressure, mmHg or cm H2O 
𝑡 time, min 
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𝑡1, 𝑡2, 𝑡3 time moments at the start of infusion, end of infusion and end of withdrawal, min 
𝑣 dimensionless GB volume 
𝑉 GB bile volume, ml 
𝑊 work done on viscous response in infusion-withdrawal cycle, N.m 
Greek letters 
𝛾 work-to-energy ratio, 𝛾 = 𝑊 𝐸⁄  
𝜀 error in pressure in passive and active states, % 
𝜂 viscosity of dashpot 
Subscripts 
1 passive state 










ABP acalculous biliary pain 
CCK cholecystokinin 
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1 Introduction 
Acalculous biliary pain (ABP) is a common clinical problem [1]. Laparoscopic cholecystectomy 
(LC) has been conducted on patients with ABP with cholecystokinin (CCK) infusion [3-10]. 
Unfortunately, the patients with persistent symptom still can be as many as 20% after LC [2]. More 
recently, clinical trials show that the majority of ABP patients can have resolution of painful symptom, 
but the gallbladder (GB) bile ejection fraction (EF) doesn’t predict outcome and the patients with normal 
GB EF are subject to a less benefit from LC.  
ABP can involve biomechanical factors. GB smooth muscle is subject to an impaired contractile 
capacity in response to CCK [11], and the smooth muscle to fibrosis layer thickness ratio might be 
associated with abnormal EF [12]. These two factors can alter the bile pressure in a GB and the stress 
level in the GB wall. Total (active plus passive) peak stress was estimated at the start of GB emptying 
phase in CCK-ultrasound scan examinations based on an ellipsoid model in [13,14]. It turned out that 
the peak stress can correlate to the ABP symptom well. These investigations are completely based on 
GB static biomechanical behaviour. 
However, human GB works under dynamic condition with emptying-filling cycle. Thus a few 
series of in vitro experiments on GB dynamic behaviour have been carried out by making use of saline 
infusion and withdrawal in passive and active states [15-18] even though saline infusion-withdrawal 
cycle may differ from the GB physiological emptying-filling cycle. A typical experimental set-up sketch, 
pressure-time and pressure-volume curves are illustrated in Fig.1. Clearly, the pressure path in the 
infusion is different from that in the withdrawal, forming a hysteresis loop. It is not surprised that intact 
GB exhibits viscoelasticity like aorta [19], artery [20-23], bladder [24], left ventricle [25,26] and so on. 
However, this hysteresis loop in the pressure-volume curve of an intact GB has never been studied 
analytically in terms of viscoelastic context in the literature so far. 
Existing viscoelastic models for soft tissues can be classified into four types: (1) discrete model in 
time domain, (2) discrete model in frequency domain, (3) quasi-linear model or continuous model in 
time domain and (4) viscous potential function model in time domain. In the discrete model in time 
domain, a soft tissue is represented with a spring and a dashpot in series (Maxwell model) or in parallel 
(Voigt model) or their combinations [27] and time is independent variable. The model can be with linear 
spring and linear dashpot [28] or exponential spring and linear dashpot [29] or linear spring and 
nonlinear dashpot [30] or a spring with isotropic exponential strain energy function and linear dashpot 
[31] or a spring with neo-Hookean strain energy function and nonlinear dashpot with power function 
[32].  
In the discrete model in frequency domain, a soft tissue is still represented with a spring and a 
dashpot in series or in parallel or their combinations but the governing equation of the model is 
transformed to the frequency domain with Laplace transform, and frequency is independent variable. 
In this sort of model, the complex Young modulus can be easily calculated. Once the solution is obtained 
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in the frequency domain, it can be mapped back to the time domain by employing inverse Laplace 
transform [33-35]. 
In the quasi-linear model or continuous model in time domain or Fung model, the stress in a soft 
tissue is equal to the product of an elastic stress and a reduced relaxation function [36-49]. The total 
stress is calculated from a convolution integral between the reduced relaxation function and the rate of 
elastic stress. The reduced relaxation function is determined by means of relaxation test data. The elastic 
stress function is decided by using total stress elongation test data at various strain rates.  
In the viscous potential function model in time domain, the elastic stress is expressed with a strain 
energy function and the viscous stress is in terms of viscous potential function which is as a function a 
few invariants related to viscoelasticity and strain rate, especially for short-term visco-elasticity [50-
57], the property constants are determined by using stress-strain curves at various strain rates. 
It is suspected that the hysteresis effect or dynamic behavior of an intact GB may have a close link 
to ABP. To achieve that final goal, as a first step, a nonlinear viscous model and a passive elastic model 
were proposed in terms of the discrete Voigt viscoelastic model in time domain to identify the elastic 
and viscous responses in the experimental pressure-volume data of an intact GB under passive and 
active conditions found in the literature in this paper. The ratio of the work done on the viscous response 
to the elastic energy and the stiffness of the elastic pressure-volume curve were defined and extracted. 
The established models are sensitive to variations in biomechanical property when GBs are stimulated 
with CCK and treated with indomethacin. The viscoelastic models presented here may be meaningful 
to better understanding of GB biomechanical behavior and benefits ABP or other diseases diagnosis in 
the future. 
2 Experiment and Method 
2.1 Experiment 
In vitro experimental measurements on pressure in the guinea pig GB were made in [16] under 
passive and active conditions. During experiments, a guinea pig was anesthetized with urethane and 
laparotomy operated, a catheter sutured into the fundus of the GB was connected to an infusion-
withdrawal pump and a pressure sensor as shown in Fig. 1a. CCK was infused at 0.6 Ivy dog 
units/kg/min by using a catheter inserted in the inferior vena cava over 20min. The GB pressure-volume 
curve was recorded continuously with a computer in infusion (lasting 2min) and withdrawal (2min). 
The recorded GB pressure-time history curves and pressure-volume curves are illustrated in Fig.1b and 
1c under passive and CCK stimulated conditions for the same GB. The GB volume is in terms of 
percentage of the maximum GB volume. In the two conditions, the GB pressure-volume curves in 
infusion and withdrawal processes are in difference paths, exhibiting a hysteresis effect. In the paper, 
this effect will be modelled by using nonlinear discrete viscoelastic models based on these experimental 
data.  
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2.2 Biomechanical Model 
The GB is composed of three layers: a mucosa, muscularis externa and adventitia (serosa), see 
Fig.2. The very tall, simple columnar epithelium of the mucosa forms a number of folds to absorb water 
in the bile effectively. The mucosa is full of vascular vessels but without lymphatics. The muscle layer 
includes the longitudinal smooth muscle fibres along the longitudinal direction near the lamina propria 
and circular smooth muscle fibres near the adventitia layer. These smooth muscle fibres contribute to 
contraction as the GB is under stimulation of CCK. The adventitia layer consists of collagen fibres such 
as I, III and IV types and fibronectin [58] as well as elastin, which are responsible for GB passive 
expansion and shrinkage. 
Borne that GB layer structure in mind, from the biomechanical point of view, the GB wall is 
regarded as three nonlinear springs, one contractile element, and one nonlinear dashpot in parallel 
phenomenologically and biomechanically, as shown in Fig.3. In passive state, the elastic pressure 
response 𝑝𝑒 is related to the apparent stiffness of elastin and matrix, collagen fibre and smooth muscle, 
that the viscous pressure response 𝑝𝑣 exists is owing to the dashpot, the cross-bridges in the muscle are 
not in engagement, so that the active response is zero, 𝑝𝑎=0 [59]. The collagen fibres engage at high 
GB volume only. In active stage, except the three passive springs and one dashpot, the active pressure 
response 𝑝𝑎 comes into play as the cross-bridges are in engagement. Due to effect of CCK, the model 
parameters for a GB wall in passive state can differ from those in active state resulted by contraction.  
The pressure-volume curves shown in Fig.1c are decomposed into three components, namely, 
passive, active and viscoelastic components to match respective responses of elastic, contractile and 
viscoelastic elements in parallel in the GB wall tissue. In the passive state experiment, the pressure 𝑝1𝑓 
in infusion process and 𝑝1𝑤 in withdrawal process are divided into the pressures for elastic and viscous 
responses, and expressed as follows 
{
𝑝1𝑓 = 𝑝1𝑓𝑒(𝑉) + 𝑝1𝑓𝑣(𝑑𝑝1𝑓 𝑑𝑡⁄ )        infusion
𝑝1𝑤 = 𝑝1𝑤𝑒(𝑉) + 𝑝1𝑤𝑣(𝑑𝑝1𝑤 𝑑𝑡⁄ )     withdrawal
                                      (1) 
where 𝑝1𝑓𝑒(𝑉) and 𝑝1𝑤𝑒(𝑉) are the pressures for the elastic responses in infusion and withdrawal 
processes, 𝑝1𝑓𝑣(𝑑𝑝1𝑓 𝑑𝑡⁄ ) and 𝑝1𝑤𝑣(𝑑𝑝1𝑤 𝑑𝑡⁄ ) are the pressures for the viscous responses in infusion 
and withdrawal processes. 
Firstly, 𝑝1𝑓𝑒(𝑉) and 𝑝1𝑓𝑣(𝑑𝑝1𝑓 𝑑𝑡⁄ ), 𝑝1𝑤𝑒(𝑉) and 𝑝1𝑤𝑣(𝑑𝑝1𝑤 𝑑𝑡⁄ ) are determined based on the 
pressure-volume data in a passive state experiment. 𝑝1𝑓𝑣(𝑑𝑝1𝑓 𝑑𝑡⁄ ) is supposed to be the product of 
nonlinear viscosity 𝜂1(𝑑𝑝1𝑓 𝑑𝑡⁄ , 𝑎1, 𝑎2, 𝑎3, 𝑚1) and 𝑑𝑝1𝑓 𝑑𝑡⁄ , while 𝑝1𝑤𝑣(𝑑𝑝1𝑤 𝑑𝑡⁄ ) is the product of 
nonlinear viscosity 𝜂1(𝑑𝑝1𝑤 𝑑𝑡⁄ , 𝑎1, 𝑎2, 𝑎3, 𝑚1) and 𝑑𝑝1𝑤 𝑑𝑡⁄  . Note that 𝑑𝑝1𝑓 𝑑𝑡⁄  and 𝑑𝑝1𝑤 𝑑𝑡⁄  are 
known in the experiment, and the viscosity function 𝜂1  and its constants 𝑎1, 𝑎2, 𝑎3, 𝑚1  can be 
determined with the experimental pressure-volume curves. 𝑝1𝑓𝑒(𝑉) and 𝑝1𝑤𝑒(𝑉) are calculated by the 
following expressions 
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{
𝑝1𝑓𝑒(𝑉𝑖) = 𝑝1𝑓,𝑒𝑥𝑝(𝑉𝑖) − 𝜂1(𝑑𝑝1𝑓 𝑑𝑡⁄ , 𝑎1, 𝑎2, 𝑎3, 𝑚1) 𝑑𝑝1𝑓 𝑑𝑡⁄         infusion
𝑝1𝑤𝑒(𝑉𝑖) = 𝑝1𝑤,𝑒𝑥𝑝(𝑉𝑖) − 𝜂1(𝑑𝑝1𝑤 𝑑𝑡⁄ , 𝑎1, 𝑎2, 𝑎3, 𝑚1) 𝑑𝑝1𝑤 𝑑𝑡⁄      withdrawal
               (2) 
where 𝑝1𝑓𝑒(𝑉𝑖) and 𝑝1𝑤𝑒(𝑉𝑖) are elastic response in infusion and withdrawal processes at a GB specific 
volume 𝑉𝑖 . 𝑝1𝑓𝑒(𝑉𝑖)  and 𝑝1𝑤𝑒(𝑉𝑖)  are independent of loading paths. Hence the proper constants 
𝑎1, 𝑎2, 𝑎3, 𝑚1 should make the following objective function minimum 
𝐹1 = ∑ [𝑝1𝑓𝑒(𝑉𝑖) − 𝑝1𝑤𝑒(𝑉𝑖)]
2𝑁
𝑖=1                                             (3) 
where 𝑁 is the number of experimental data points. 
Secondly, for the same intact GB in active state, the pressure decomposition for elastic and viscous 
responses is expressed as follows in infusion and withdrawal processes  
{
𝑝2𝑓 = 𝑝2𝑓𝑒(𝑉) + 𝑝2𝑓𝑣(𝑑𝑝2𝑓 𝑑𝑡⁄ )        infusion
𝑝2𝑤 = 𝑝2𝑤𝑒(𝑉) + 𝑝2𝑤𝑣(𝑑𝑝2𝑤 𝑑𝑡⁄ )     withdrawal
                                   (4) 
where 𝑝2𝑓𝑣(𝑑𝑝2𝑓 𝑑𝑡⁄ )  is a function of both 𝑑𝑝2𝑓 𝑑𝑡⁄   and nonlinear viscosity 
𝜂2(𝑑𝑝2𝑓 𝑑𝑡⁄ , 𝑏1, 𝑏2, 𝑏3, 𝑚2) , this is true for 𝑝2𝑤𝑣(𝑑𝑝2𝑤 𝑑𝑡⁄ ) . They are estimated by the following 
expressions 
{
𝑝2𝑓𝑒(𝑉𝑖) = 𝑝2𝑓,𝑒𝑥𝑝(𝑉𝑖) − 𝜂2(𝑑𝑝2𝑓 𝑑𝑡⁄ , 𝑏1, 𝑏2, 𝑏3, 𝑚2) 𝑑𝑝2𝑓 𝑑𝑡⁄         infusion
𝑝2𝑤𝑒(𝑉𝑖) = 𝑝2𝑤,𝑒𝑥𝑝(𝑉𝑖) − 𝜂2(𝑑𝑝2𝑤 𝑑𝑡⁄ , 𝑏1, 𝑏2, 𝑏3, 𝑚2) 𝑑𝑝2𝑤 𝑑𝑡⁄      withdrawal
               (5) 
where 𝑝2𝑓𝑒(𝑉𝑖)  and 𝑝2𝑤𝑒(𝑉𝑖)  are independent of loading path. Therefore, the proper constants 
𝑏1, 𝑏2, 𝑏3, 𝑚2 should make the following objective function minimum as well 
𝐹2 = ∑ [𝑝2𝑓𝑒(𝑉𝑖) − 𝑝2𝑤𝑒(𝑉𝑖)]
2𝑁
𝑖=1                                           (6) 
Thirdly, the pressure for active response 𝑝𝑎(𝑉𝑖) at each experimental data point is calculated by 
{
𝑝𝑎(𝑉𝑖) = 𝑝2𝑒(𝑉𝑖) − 𝑝1𝑒(𝑉𝑖)
𝑝1𝑒(𝑉𝑖) = 0.5[𝑝1𝑓𝑒(𝑉𝑖)+𝑝1𝑤𝑒(𝑉𝑖)]
𝑝2𝑒(𝑉𝑖) = 0.5[𝑝2𝑓𝑒(𝑉𝑖)+𝑝2𝑤𝑒(𝑉𝑖)]
                                         (7) 
then, the mathematical models of pressure passive and active components can be established based on 
the data points of 𝑝1𝑒(𝑉𝑖) and 𝑝𝑎(𝑉𝑖) . In this way, the dynamic behaviour of an intact GB can be 
resolved.  
Finally, the extracted 𝑝1𝑒(𝑉𝑖) , 𝑝𝑎(𝑉𝑖) , 𝑝1𝑓𝑣(𝑉𝑖) − 𝑝1𝑤𝑣(𝑉𝑖) and 𝑝2𝑓𝑣(𝑉𝑖) − 𝑝2𝑤𝑣(𝑉𝑖) curves are 
analysed in terms of existing clinical observations to provide some insight into GB dynamic behaviour. 
The viscous biomechanical model is essential for solving Eqs. (2) and (5). Thus, the following 
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                  (8) 
Likewise, in active state, the viscous biomechanical model reads 
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                  (9) 
where the property constants 𝑎2 and 𝑏2 are negative, but the rest constants are positive in Eqs.(8) and 
(9).  
At three specific time moments, namely the start of infusion, 𝑡1, the end of infusion, 𝑡2, and the 












= 0 at 𝑡 = 𝑡1, 𝑡2, 𝑡3                                   (10) 
where 𝑡1=0, 𝑡2=2, and 𝑡3=4min based on Fig. 1b.  
The scattered data points in Fig. 1b are best fitted by using a 4th or 3rd-order polynomial, and then 
its derivative with respect to time is derived to obtain experimental slopes 𝑑𝑝1𝑓 𝑑𝑡⁄ , 𝑑𝑝1𝑤 𝑑𝑡⁄ , 𝑑𝑝2𝑓 𝑑𝑡⁄  




= −4 × 3.3052𝑡3 + 3 × 14.155𝑡2 − 2 × 18.983𝑡 + 15.722
𝑑𝑝1𝑤
𝑑𝑡
= −4 × 3.0114𝑡3 − 3 × 41.538𝑡2 + 2 × 215.06𝑡 − 499.03
                          (11) 




= −4 × 6.7026𝑡3 + 3 × 32.28𝑡2 + 2 × 54.1770𝑡 + 44.842
𝑑𝑝2𝑤
𝑑𝑡
= −3 × 4.4689𝑡2 + 2 × 47.664𝑡 − 127.54
                (12) 
The condition expressed with Eq. (10) should be imposed in Eqs. (11) and (12), even though these 
slopes may not be exactly zero at 𝑡1=0, 𝑡2=2, and 𝑡3=4min. 
After the passive elastic pressure-volume scattered points are extracted, they should be regressed 
with a mathematical model. Based on existing experimental GB pressure-volume data in passive and 
active states, the following mathematical model is proposed in terms of dimensionless GB volume 




                                         (13) 
where 𝑣 is dimensionless GB volume, 𝑣 = 𝑉 𝑉𝑚𝑎𝑥⁄ , 𝑉𝑚𝑎𝑥 is the largest GB volume achievable in an 
experiment, 𝑉 is a GB volume less than 𝑉𝑚𝑎𝑥 ,  𝑝𝑒,𝑒𝑥𝑝(0) is the GB pressure at 𝑣=0 in the experiment, 
𝑐0, 𝑐1, 𝑐2, 𝑐3, 𝑛1 and 𝑛2 are model constants and will be determined by employing a set of experimental 
pressure-volume data. A validation of Eq. (13) is present in Appendix against eight sets of GB 
experimental pressure-volume data in passive and active states. 
3 Results 
The biomechanical model and experimental data of a guinea-pig GB in [16] were coded in 
MATLAB® R2018b. Firstly, the pressure-volume curves for the elastic and viscous responses in passive 
and active states are split by employing the lsqnonlin function based on the trust-region-reflective 
optimization algorithm, then the elastic pressure-volume curves in both the states are best fitted by using 
Eq. (13). The determined model constants and errors in the two procedures are listed in Table 1. The 
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                                     (14) 
The split elastic and viscous pressure-volume curves are illustrated in Fig.4 along with the 
experimental data, and the elastic passive and active pressure-volume curves are shown, too. It is shown 
that the errors, 𝜀1  and 𝜀2  are all less than 2%, suggesting the biomechanical models proposed are 
feasible and reasonable.  
The extracted viscous pressure-volume curves are very similar to those from the experimental data. 
As a result, the error in the areas enclosed by the curves and the horizontal axis in Fig. 4c is less than 
1% between the experiments and the model predictions.  
In Fig.4d, the extracted elastic pressures, 𝑝1𝑒  and  𝑝2𝑒 can be best fitted by using the model 
expressed with Eq. (13), giving the errors as small as 0.6% and 1.0%, respectively. The active pressure 
response can be best fitted by employing a polynomial as done in [60,61] for smooth muscle in active 
state as the following 
𝑝𝑎 = −3.3519 × 10
−7𝑣4 + 9.2538 × 10−5𝑣3 − 9.11 × 10−3𝑣2 + 3.4058 × 10−1𝑣 + 2.2114       (15) 
where the correlation coefficient of the equation remains to be 0.84. The peak active state occurs at 
30%. 
The influence of indomethacin on guinea-pig gallstone formation and motility in control and 
cholesterol-fed was examined [16]. It was indicated that indomethacin can diminish GB mobility or 
tone. To clarify this from the biomechanical point of view, the pressures for elastic and viscous response 
are extracted as well. The experimental pressure-time and pressure-volume curves in infusion and 




= −6 × 3.6236𝑡5 + 5 × 23.9049𝑡4 − 4 × 61.192𝑡3 + 3 × 77.8922𝑡2 − 2 × 51.5662𝑡 + 20.1179
𝑑𝑝1𝑤
𝑑𝑡
= 6 × 0.0644𝑡5 − 5 × 1.8649𝑡4 + 4 × 21.7908𝑡3 − 3 × 130.824𝑡2 + 2 × 427.1563𝑡 − 725.1213
     (16) 
Based on the method in Section 2 in passive state, the extracted elastic pressure-volume curve is 
illustrated in Fig.5b, and the pressure-volume curves for viscous response are demonstrated in Fig.5c, 
the determined model constants are listed in Table 1. In terms of the errors in the table, the method 
proposed in Section 2 is applicable to the GB treated with indomethacin. 
To clarify the difference in biomechanical properties of GBs in CCK stimulated and normal 
passive states as well as under the condition treated with indomethacin, the ratio of the work done on 




, 𝑊 = ∮ 𝑝𝑣𝑑𝑉 , 𝐸 = ∫ 𝑝𝑒𝑑𝑉
𝑉𝑚𝑎𝑥
0
                                                (17) 
where 𝛾  is  the work-to-energy ratio, 𝐸  and 𝑊  are the elastic energy stored and the work done by 
loading, 𝑝𝑣 is the pressure for viscous response, 𝑝𝑒 is the pressure for elastic response. 
Additionally, the stiffness of the elastic pressure-volume curve expressed with Eq. (13) is extracted 
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                                        (18) 
where 𝑘 is the stiffness and the powers are 𝑛1, 𝑛2 >0.  
The ratio 𝛾 and stiffness 𝑘 are illustrated in Fig.6 in terms of dimensionless GB volume. The 
biomechanical behaviour of the GB stimulated with CCK or treated with indomethacin is considerably 
different from the normal GB in passive state. The former is subject to a flatter stiffness at low volume 
(𝑣 ≤ 0.7) and a sharper stiffness at high volume (𝑣 > 0.7) and a larger work-to-energy ratio (0.57-0.61) 
in comparison with the normal GB in passive state. These facts demonstrate that the two chemicals may 
have altered the biomechanical behaviour of the GB wall. The biomechanical model developed in the 
paper is sensitive to such a change in the biomechanical property. 
4 Discussion 
In the paper, a biomechanical method was proposed for identifying elastic and viscous responses 
to saline infusion and withdrawal in vitro in a guinea pig GB by employing the nonlinear Voigt model 
in terms of the slope of pressure-time curves under passive and active conditions. An innovative 
mathematical model was devised for fitting the elastic pressure-volume response of intact GBs. Such 
an analytical study has been unavailable to intact GBs so far. The method is meaningful to clarifying 
viscous and elastic properties in the hysteresis loop of diseased or healthy GBs under active and passive 
conditions. It is potentially applicable to GB disease diagenesis or pathological assessment.  
An approach was raised in [62] for separating elastic and viscous responses in the hysteresis loop 
in monitored arterial stress-radius curves in terms of the slope of radius-time relationships and a 2nd-
order viscous model was adopted. The method presented herein was inspired by [62] honestly, but there 
are different in two aspects, namely (1) a new nonlinear viscous model is specified and (2) a general 
biomechanical model for elastic pressure-volume curves of GBs is put forward for passive and active 
GBs. 
In the present paper, the slopes 𝑑𝑝1𝑓 𝑑𝑡⁄ , 𝑑𝑝1𝑤 𝑑𝑡⁄  etc were used as an independent variable in the 
viscous model. In Fig.7, the pressure- and volume-time curves of a baboons GB are illustrated in 
infusion-withdrawal cycle of saline volume. Based on the figure, it is seen that the GB pressure and 
volume vary in almost identical phase angle and the frequency of infusion-withdrawal cycle is 1/20Hz 
[15]. The experimental data in [16] were analysed in the paper. The frequency of infusion-withdrawal 
cycle is 1/240Hz, which is 1/12th of 1/20Hz, hence the GB pressure and volume in [16] will be in the 
same phase angle during the cycle. In this context, that the slopes 𝑑𝑝1𝑓 𝑑𝑡⁄ , 𝑑𝑝1𝑤 𝑑𝑡⁄  etc were 
considered an independent variable in the viscous model is reasonable and feasible.  
In GB infusion-withdrawal cycle experiments, the frequency of the infusion-withdrawal cycle can 
influence the viscoelastic property of intact GBs. For example, the hysteresis loop size is expanded 
largely as the frequency is at 0.17Hz and 3.33Hz in passive guinea pig GBs, respectively. However, the 
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loop size is the narrowest at the frequency of 1.67Hz [18].  
The mean time scales of emptying(withdrawal) are 10min and 18min for the human healthy GBs 
and the GBs with gallstone, while the filling (infusion) time scales are 60min [63]. Based on these time 
scales, the frequencies of emptying(withdrawal)-filling(infusion) cycle can be as low as 1/4200Hz for 
the healthy GBs and 1/4680Hz for the GBs with gallstone. Therefore, there is a significant difference 
in the frequency of infusion-withdrawal cycle in experiment from physiology, but also the emptying is 
much faster than the filling. Whether there is the viscoelastic property in human intact GBs at such a 
low frequency of emptying-filling cycle needs a confirmation in the future. 
CCK is a peptide hormone to contract GB muscle by attaching to CCK receptors imbedded in the 
smooth muscle of the GB [64,65]. The change in the stiffness of the passive elastic pressure-volume 
curve of the GB stimulated with CCK occurs mainly at a large GB volume compared with the normal 
GB as shown in Fig.6a. This effect seems to suggest CCK may lead to significant alternation in the 
passive biomechanical property of the smooth muscle at large GB volume. 
Indomethacin is a nonsteroidal anti-inflammatory drug (NSAID) blocking the production of 
prostaglandins which influence smooth muscle contractility but also relieve inflammation. It was shown 
that indomethacin can reduce or abolish GB smooth muscle spontaneous rhythmical contractions by 
inhibiting endogenous prostaglandin synthesis [16,66,67]. A few studies suggested indomethacin can 
improve GB emptying of patients with gallstones [68] or animal models with cholecystitis [54], but has 
no effect on healthy GBs [69,70]. Based on those observations, it is confirmed that the change in 
biomechanical property of GB smooth muscle is attributed to indomethacin. In Fig 6a, however, 
indomethacin apparently reduces the stiffness of the passive pressure-volume curve starkly at low and 
large GB volumes, implying indomethacin may alter the biomechanical property of the other 
components such as elastin and collagen fibre. Obviously, the corresponding experimental evidence is 
on demand. 
Note that the GB pressure-volume curve based on in vitro infusion-withdrawal cycle differs from 
that in physiological state, as sketched in Fig. 8a. The GB pressure-volume curve in the physiological 
state includes a contraction phase [71], but that pressure-volume curve in infusion-withdrawal cycle 
experiments hasn’t the phase. Additionally, the hysteresis loop sense in the infusion-withdrawal cycle 
is opposite to that in the filling-emptying cycle. These facts show that the infusion-withdrawal cycle 
experiment differs from the physiological filling-emptying cycle and is essentially an in vitro or in vivo 
method for characterizing the viscoelastic biomechanical property of an intact GB only, then has nothing 
to do with the physiological filling-emptying cycle of GBs. If the viscous effect in the GB wall is 
considered in the GB filling-emptying cycle, the cycle should be like one in dashed lines shown in 
Fig.8b. If the effect is strong enough, it will impair the GB motor function.  
The paper is preliminary in method and results and faces a few limitations inevitably. Firstly, the 
two models proposed in the paper are phenomenological at organ level. And the models need to be 
updated to new versions with information of the microstructure of GB wall in the future. Secondly, a 
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nonlinear discrete dashpot model was proposed in the paper. The model takes an advantage of less 
number of model constants than the quasi-linear model or continuous model where the constants in the 
elastic model and the reduced relaxation function (Prony series) for viscous effect must be determined 
simultaneously. However, the quasi-linear remodel is more general and likely finds applications in GBs 
in the future.  
Thirdly, based on the present methods proposed here the elastic, active and viscous pressure-
volume curves have been separated for the GB. If the GB geometrical parameters were known with 
volume change, then the corresponding 3D elastic, active and viscous stresses would be estimated by 
using the simple ellipsoid model of the GB [13,14]. Or the strain energy function for the elastic response 
proposed in [71] is applied to GB walls, then the empirical viscosity as expressed with Eq. (8) or (9) is 
involved into the  total stress equation by using the methods in [32,49], eventually 3D stress in the GB 
wall can be calculated in passive state. Once again, the constants in the elastic strain energy function 
and viscous model must be decided by using experimental data in one go, and the model might suffer 
from too many model constants. Since the geometrical parameters of the experimental GB were not 
provided in [16], these stress estimates cannot be workable in the paper. Nevertheless, the viscous 
potential function model, specially the short-term viscous potential function in emptying phase and 
long-term viscous potential function in filling phase, is worthy of being attempted with a complete set 
of experimental data of an intact GB in the future. 
5 Conclusion 
Nonlinear viscous and elastic models were developed to identify the elastic, viscous and active 
pressure responses in the pressure-volume curves of a guinea-pig intact GB when the GB was 
pressurised and depressurised with infusion and withdrawal of an amount volume of saline continuously 
in passive and active states in the article. The new model for describing GB elastic pressure-volume 
curves was proposed and validated with the experimental data of rabbit, guinea-pig and human intact 
GBs. It was demonstrated that the elastic, viscous and active pressure responses can be separated in less 
than 2% error from the pressure-volume curves of the intact GB as it is in passive and active states, 
respectively. The peak active state in the GB happens at 30% dimensionless volume. The ratio of the 
work done on the viscous pressure response to the elastic energy was defined and worked out, the 
stiffness of the elastic pressure-volume curve was extracted. It was indicated that the GB stimulated 
with CCK or treated with indomethacin is subject to almost constant stiffness at low volume (≤ 70% 
dimensionless volume) but rapidly increasing stiffness at high volume (> 70% dimensionless volume) 
and a larger work-to-energy ratio (0.57-0.61) compared with the normal GB in passive state. Th models 
are sensitive to the change in the biomechanical property when a GB was stimulated with CCK or 
treated with indomethacin, showing a potential in clinical application. Further work should be devoted 
to applying these methods to intact GB pressure-volume curves at various frequencies of infusion-
withdrawal cycle so as to establish effects of the frequency on the elastic and viscous responses.  
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Appendix A  Validation of Proposed GB Pressure-Volume Model 
 
Traditionally, experimental GB pressure-volume curves are considered as a parabola of volume 
either in passive state or in active state [72]. However, this mathematical model does not seem to be 
general. A more general mathematical model is put forward by Eq. (13), which is written as the 
following in terms of GB volume 




                                                (19) 
where 𝑝𝑒,𝑒𝑥𝑝(0) is the GB pressure at 𝑉=0 in an experiment, the model constants 𝑐0, 𝑐1, 𝑐2, 𝑐3, 𝑛1 and 
𝑛2  will be optimized based on the experimental data in [72-74]. The first three terms in Eq. (19) 
represent the GB response to a small variation in volume, while the last term is the response to a large 
change in volume.  
The experimental data and Eq.(19) are programmed in MATLAB® R2018b by employing its 
lsqnonlin function in terms of trust-region-reflective optimization algorithm. The accuracy of the 








× 100%                                           (20) 
where 𝑝𝑒,𝑒𝑥𝑝(𝑉𝑖) and 𝑝𝑒(𝑉𝑖) are the experimental GB pressure and the pressure predicted with Eq.(20) 
at an experimental point 𝑖, 𝑁 is the number of total experimental points in a GB pressure-volume test.  
The five model constants optimized, and the corresponding errors based on the experimental data 
in [72-74] are listed in Table 2. The comparison between measurements and predictions is demonstrated 
in Fig.9. It is shown that these errors are less than 4%, and the excellent agreement has been achieved 
between them. Thus, the mathematical model works well in fitting a variety of GB pressure-volume 













































Table 2  Model constant in curve fitting of experimental GB pressure-volumes for rabbit, opossum, guinea-pig 
and human  
Subject GB state 𝑐0 𝑐1 𝑛1 𝑐2 𝑐3 𝑛2 𝜀𝑉(%) 
Rabbit Passive 3.6042×102-7 2.0129×102 1.3056 2.2217×10-12 6.9320×10-2 2.2690×103 0.77 
Guinea-pig Passive 2.0604×10-11 1.8016×102 1.9912 4.1973×10-3 7.5274 1.2983×10-3 0.93 
Opossum 
Passive 4.3027 8.3306 3.8686 7.4789×10-8 1.8417×101 7.5515×10-2 0.51 
CCK1 2.2204×10-12 2.5366×101 1.7892 2.2927×10-12 2.5131×10-11 9.8952 0.85 
CCK2 2.5080×10-12 3.1371×101 1.5439 1.3661×10-3 7.1110 2.2018×10-7 1.60 
CCK3 8.1729×10-1 1.5132×101 1.2999 6.7502×10-8 19.1570 1.7679×10-1 1.42 
Patient 
8,passive 0.0000 4.7436×102 1.3425 9.6891×10-4 6.6498 2.2884×10-9 3.85 
9,passive 0.0000 6.2864 0.2599 6.1851×10-6 1.4637×101 3.4060×10-1 1.36 
10,passive 5.8161 1.7439×101 2.6326 4.7908×10-9 2.2059×101 5.6654×10-1 2.08 
11,passive 1.1618×101 3.8518×101 7.0642 2.5796×10-1 1.9855×10-2 6.9929 1.78 
CCK1=0.025𝜇g/kg.h, CCK2=0.25𝜇g/kg.h, CCK3=2.5𝜇g/kg.h 
Table 1  Model constants optimized in pressure decomposition and pressure-volume 
curve fitting in passive and active states 
GB state 
Viscous property Elastic property 
Constant & error Value Constant Value 𝜀𝑝(%) 
Passive 
𝑎1 4.3667×10
-1 𝑐0 10.2740 
0.41 
𝑎2 -8.9372×10
-3 𝑐1 9.0932 
𝑎3 4.5843×10
-5 𝑛1 4.2455 























-1 𝑐0 4.8221 
0.40 
𝑎2 -8.3111×10




















































Fig.1  The sketch of experimental preparation of a guinea pig for GB pressure-volume measurements 
in vitro (a), pressure-time history curve (b) and pressure-volume curve (c) under passive and CCK 
stimulated conditions for the same GB in [16], the GB volume is expressed with percentage of the 



















































Fig.2  The GB wall histology, (a) three-layer structure in longitudinal cross-selection, (b) muscle layer in 
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Fig.3  The proposed biomechanical viscoelastic discrete model in time domain for the pressure-volume 
curve of GBs in passive and active states, 𝑝𝑎=0 in passive state 
 





































Fig.4  The discomposed pressure responses to dimensionless volume change in a guinea-pig GB in both 
passive and active states, (a) passive, (b) active, (c) viscous, (d) elastic passive pressure and active 
pressure, the symbols are for experimental data, the lines in (a) and (b) are not fitting curves 
 










































Fig.5  The experimental pressure-time curves (a), pressure-volume-time curves and  discomposed pressure 
responses (b), viscous pressure response (c) to dimensionless volume change in a guinea-pig GB in 
passive state treated with indomethacin, the scattered points are for experimental data, the curves for 
model predictions 
 










































Fig.7  The typical pressure-time and volume-time curves of a baboon 
intact GB in passive state measured in [15] 
Fig.6  The elastic stiffness 𝑘 (a) and the ratio of the work done on the viscous response to the elastic 
energy stored in GB wall 𝛾 (b) in active state stimulated with CCK, passive state in control, and passive 
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Fig.8  The comparison of in vitro infusion-withdrawal cycle experiment and GB 
emptying-filing physiological cycle, (a) comparison of two cycles, (b) effect of GB wall 
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Fig.9  The comparison of GB pressure-volume curves predicted by using the mathematical model with 
the experimental data, (a) pressure-volume curves of rabbit and guinea-pig in passive state [73], (b) 
pressure-volume curves of opossum in passive and active states [72], (c) pressure-volume curves of 
patients with acute cholecystitis in passive state [74] 
